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MASS  SPECTRAL  INVESTIGATIONS  ON  TOXINS. 


V.  DIRECT  ANALYSIS  OF  MACROCYCLIC  TRICHOTHECENES 
IN  FERMENTATION  SAMPLES  RY  NEGATIVE  ION  TANDEM  MASS 
SPECTROMETRIC  TECHNIQUES 


l.  INTRODUCTION 


For  decades,  tr ichothecene  mycotoxins,  products  of  several 
species  of  imperfect  fungi,  have  been  implicated  in  the  loss  of 
crops  and  farm  animals  and  in  human  health  problems  caused  under 

natural  and  induced  circumstances.^  ^  A  class  of  tr i chothecenes 
with  large,  polar,  and  labile  ester  bridqes  (macrocyclic  tricho- 
thecenes)  (Fiqure  1)  are  considered  the  most  toxic  of  all 

trichothecenes. 

Hence,  to  prevent  any  losses  or  disasters,  environmental 
and  agricultural  samples  must  be  monitored  to  detect  the  presence 
of  all  trichothecenes  and  their  fungal  sources. 

Several  mass  spectrometr ic  (MS)  methods, including  a 
highly  sensitive  and  accurate  negative  ion  chemical  ionization 
( NICI )  method  ( Kr i shnamurthy ,  Wasserman,  and  Sarver,  unpublished 
data,  October  1985),  have  been  used  for  analyzing  simple  tricho¬ 
thecenes.  However,  despite  the  intensely  toxic  nature  of  the 
macrocyclic  trichothecenes,  only  two  methods  [qas  chromatography/ 
negative  ion  chemical  ionization  mass  spectrometr ic  (GC/NICIMS)] 

.  1 1  * 

for  analyzing  these  molecules  were  reported.  Both  involve  the 

alkaline  hydrolysis  of  the  molecules  into  their  corresponding  alco¬ 
hols,  followed  by  derivati zation  and  analysis  by  the  GC/MS  tech¬ 
nique.  Even  though  these  are  sensitive  and  accurate  methods,  the 
procedure  is  time  consuming  and  identifies  only  the  alcohol  moiety 
not  the  total  structure. 

During  our  continuing  efforts  to  develop  rapid,  sensitive, 
and  accurate  analytical  methods  for  all  known  trichothecenes,  we 
found  the  col  1 i s ional 1 y  activated  dissociation  (CAD)  mass 
spectrometr ic  (MS/MS)  technique  suitable  for  identifying  and 
analyzing  these  polar,  thermally  labile  molecules  directly  without 
lengthy  sample  processing  and  preparations.  When  these  molecules 
with  extended  conjugation  were  subjected  to  the  chemical  ioniza¬ 
tion  (Cl)  process  using  methane  as  the  Cl  reagent  qas,  the  nega¬ 
tively  charged  molecular  (M  )  ions  were  formed  more  abundantly  than 
the  positively  charged  quasimolecular  ions.  The  M  ions  were 
subjected  to  CAD  using  argon  as  the  collision  qas,  and  the  recorded 
MS/ME  spectra  indicated  daughter  ions  which  were  characteristic  of 


Part  of  information  provided  was  from  unpublished  data  by 
Kr ishnamurthy ,  Greene,  Jarvis,  and  Earver  (April  1986). 


the  ester  bridges.  Under  these  conditions,  trace  quantities 
(1  to  2  ng)  of  these  highly  polar  molecules  with  labile,  ester 
bridges  could  be  detected  with  excellent  specificity.  A  synthet¬ 
ically  modified  macrocyclic  tr i chothecene  was  investigated  and 
found  to  be  adequate  as  an  internal  standard  for  quantifying  these 
complex  molecules  by  the  direct  MS/MS  method. 
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EXPERI MEN TAL 


2  . 


A  Finnigan-MAT  mass  spectrometer  with  a  3000  source  modi- 

1 2 

tied  for  the  CAD  experiments  was  used  throughout  the  investiga¬ 
tion.  All  the  Cl  spectra  were  recorded  with  the  source  temperature 
and  pressure  maintained  at  100  °C  and  0.5  torr,  respectively.  The 
direct  exposure  probe  (DEP)  was  heated  from  100  to  350  °C  at 
25  deg/min.  The  collision  gas  pressure  and  collision  energy  were 
maintained  at  2.6  mtorr  and  15  eV,  respectively. 

The  macrocyclic  tr i chothecene  standards  and  stachybotrys 
fermentation  samples  were  generously  provided  by  Professor  Rruce  B. 
Jarvis  of  the  University  of  Maryland  (College  Park,  MD)  and 
Dr.  Robert  M.  Eppley  of  the  Bureau  of  Foods,  Food  and  Drug 
Administration  (Washington,  D.C.).  All  standard  solutions  were 
prepared  in  glass-distilled  methanol  (Burdick  &  Jackson,  Muskegon, 
MI)  and  stored  at  2  °C  in  reacti-vials  fitted  with  mininert  valves 
(Supelco,  Incorporated,  Supelco  Park,  PA). 


3.  RESULTS  AND  DISCUSSION 


Relatively  simple,  rapid,  specific,  sensitive,  and 
accurate  methods  for  detecting  tr i chothecenes  in  agricultural  and 
environmental  samples  are  required  for  public  safety  and  prevention 
of  economic  loss.  Reliable  methods  of  analyzing  the  macrocyclic 
tr ichothecenes  (Figure  1)  are  unknown.  Due  to  their  low  volatility 
and  labile  ester  bridges,  these  molecules  or  their  derivatives  can¬ 
not  be  passed  through  a  GC  column  without  substantial  decomposi¬ 
tion.  Instead,  these  polar  esters  must  be  subjected  to  alkaline 
hydrolysis,  converted  into  their  volatile  esters,  and  have  their 

1  1  * 

derivatives  analyzed  by  the  GC/MS  technique.  The  only  reported, 

sensitive,  and  applicable  GC/MS  method  of  analysis  involves  monitor 
i ng  the  negative  ions  (NI )  of  the  hepta f luorobu tyry 1  (HFB)  deriva¬ 
tives  (of  the  hydrolysates)  formed  under  Cl  conditions.*  This 
method,  although  accurately  quantifying  alcohols  and,  thus, 
indirectly  analyzing  the  macrocyclic  tr i chothecenes ,  involved 
lengthy  sample  processing  and  provided  only  partial  identity  of  the 
analytes. 


Hence,  we  explored  the  possibility  of  applying  the  direct 
chemical  ionization  (DCI)-MS/MS  technique  to  directly,  specifically 
detect  and  possibly  quantify  these  compounds.  The  results  of  our 
investigation  led  to  developing  an  MS/MS  method  of  analysis  which 
met  our  requirements. 


Part  of  information  provided  was  from  unpublished  data  by 
Kr i shnamu rthy ,  Wasserman,  and  Sarver  (October  1985)  and 
unpublished  data  by  Kr ishnamu rthy ,  Greene,  Jarvis,  and  Sarver 
(Ap’-il  1986). 


Producing  molecular  ions  or  other  high  mass  ion 

abundance  is  essential  for  any  successful  CAD  investigat 
Therefore,  the  efficiencies  of  molecular  ion  formation  o 
representative  macrocyclic  tr i chothecenes  were  studied  u 
conditions  using  methane  as  the  Cl  reagent  gas.  The  sam 
introduced  into  the  Cl  source  via  the  direct  insertion  p 
was  heated  from  100  °C  to  350  °C  at  25  deg/mi n.  The  sou 
pressure  and  temperature  were  maintained  at  0.5  torr  and 
respectively.  The  compounds  formed  the  M  ions  more  abu 
than  the  positively  charged  protonated  molecules  ( MH  ). 

M  ions,  with  the  exception  of  Roridin  A,  were  the  base 
the  N I  Cl  spectra,  whereas  the  relative  abundance  of  the 
was  less  than  5%.  The  preferred  formation  of  the  NI  was 
to  the  extended  conjugation  at  the  ester  bridges  between 
C 1 1  *  atoms  (Figure  1).  The  results  of  the  Cl  experiment 
presented  in  Table  1. 
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Table  1.  Efficiencies  of  Molecular  Ion  Formation 


PICI 


N I  Cl 


Base  peak  Base  peak 

Compound  m/z  RA  of  (M+l)  m/z  M  M  /(M+l) 


The  NICI  spectra  were  also  obtain 

the  Cl  reagent  gas.  The  presence  of  methy 
enhance  the  production  of  M  ions.  The  ch 
of  Roridin  A  and  Verrucarin  A,  were  formed 
peaks  (Table  2).  Improvement  in  producing 
when  N 2<~)//('H4  '  an<^  (discharge  ioniz 

Cl  reagent  gases.  Hence,  we  conclude  that 
best  suited  to  produce  the  molecular  ions 
studies,  and  methane  is  the  most  suitable 
record  the  CAD  spectra  of  both  the  ions,  h 
methylene  chloride  (<5%)  and  methane  was  u 
adduct  ions. 
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Table  2  . 


Efficiencies  of  Negatively  Charged  Molecular  Ton  Formation 


Relative  Abundance 


Rase  Peak 
( m/z )  _ 


Ratio  of  M 
Format  ion 


Compound 


ch4  ch2ci2/ch4 


CH4  CH2C12  ( M+Cl ) 


(ch4/ch2ci2 


Attempts  to  produce  the  negative  daughter  ion  (CAD) 
spectra  of  the  chloride  adducts  using  argon  as  the  collision  gas 
were  made.  The  collision  gas  pressure  and  collision  energy  were 
maintained  at  2.6  mtorr  and  15  eV,  respectively.  The  daughter  ion 
mass  spectra  were  not  obtained  during  any  of  these  attempts, 
however,  the  CAD  mass  spectra  of  the  M  ions  recorded  under  the 
above  conditions  showed  daughter  ions  in  good  yields  from  as  little 
as  5-20  ng  of  the  macrocyclic  trichothecenes .  The  daughter  ion 
spectra  of  the  M  ions  of  Roridin  H  and  Verrucarins  A  and  J  are 
indicated  in  Figures  2  throuqh  10. 

Rambaniotti  and  others^  proposed  the  following  mode  for 
fragmenting  the  NT  of  some  of  the  esters  under  CAD  conditions. 

(See  Mechanism  1  b^low.) 
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Figure  4.  Negative  Ion  Daughter  Spectrum  of 
Satratoxin  G  (M  ,  m/z  544) 
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Figure  7.  Negative  Ion  Daughter  Spectrum  of 

9 , 1 0-Epoxy ve r r uca r i n  A  (M  ,  m/z  518) 
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Figure  8.  Negative  Ion  Daughter  Spectrum  of 

16-Hydroxyverrucar in  A  (M  ,  m/z  518) 
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CALI :  92*83  13 

II C:  1582*8. 

Fiqure  10.  Negative  Ion  Daughter  Spectrum  of 
Verrucarin  J  (M  ,  m/z  484) 


The  negative  daughter  ion  mass  spectra  of  these  macro- 
cyclic  trichothecenes  show  that  all  these  cyclic  triesters 
( verrucar i ns )  follow  a  common  fragmentation  pattern  under  CAD  con¬ 
ditions.  Under  CAD  conditions,  the  M  ions  of  roridins  and 
satratoxins  dissociate  in  a  manner  characteristic  of  their  cyclic 
diester  groups  as  well.  Most  of  the  CAD  ions  are  characteristic  of 
the  ester  groups  and  permit  invest iqators  to  distinguish  between 
molecules  with  common  alcohol  moieties  but  different  ester  bridges. 
The  following  proposed  CAD  fragmentation  pathways  and  the  struc¬ 
tures  of  the  daughter  ions  are  based  on  the  masses  of  the  fragments 
and  the  stable  M  ions  alone.  These  pathways  seem  logical  and 
support  the  observed  CAD  fragments  of  various  molecules  originated 
from  these  proposed  mechanisms. 


For  all  verrucarins,  the  three  most  abundant  charac¬ 
teristic  CAD  ions  with  m/z  of  97,  141,  and  147  are  indicated  in 
Scheme  1.  The  proposed  cleavages  leading  to  the  formation  of 
various  CAD  ions  are  also  shown  in  this  scheme.  The  daughter  ion 
with  m/z  97  is  probably  formed  by  the  bond  cleavage  (a)  at  C5'-0 
and  CIO'  to  Cll'  followed  by  cyclization.  However,  the  cleavage  at 
C4-0  and  Cl'  to  C8 '  for  forming  this  ion  should  not  be  ruled  out. 

The  bond  breakage  (b)  between  C4-0  and  0-C6'  followed  by  cycliza¬ 
tion  should  result  in  the  CAD  ion  with  m/z  141.  The  third  charac¬ 
teristic  daughter  ion  (m/z  147)  probably  resulted  from  the  scission 
(c)  at  C15-0  and  C6'-0(l).  However,  in  the  case  of  Verrucarin  J, 
the  formation  of  such  a  daughter  ion  is  not  clear  due  to  the 
absence  of  a  hydroxyl  group  in  the  molecule  at  the  ester  bridge. 
There  is  evidence  for  the  bond  cleavages  (d)  at  C5'-0  and  Cll'-O, 
indicated  by  the  daughter  ions  formed  at  m/z  377  for  (5),  m/z  393 
for  (6)  and  (7),  and  m/z  391  and  m/z  359  for  (8)  and  (9),  respec¬ 
tively.  The  ions  at  m/z  247  (5),  m/z  263  (6)  and  (7),  and  m/z  261 
(8)  are  probably  formed  by  a  further  scission  of  bonds  at  C15-0. 

The  cleavages,  indicated  as  "e"  in  Scheme  1  probably  resulted  from 
the  scission  of  C15-0  and  Cll'-O  bonds  forming  ions  with  m/z  271 
for  (5),  (6),  (7),  and  (8);  and  m/z  253  for  (9).  These  ions  were 
further  transformed  into  daughter  ions  m/z  225  and  m/z  226  as  shown 
in  Scheme  1.  The  proposed  structures  for  the  daughter  ions  of 
verrucarins,  even  without  substantiation  by  high  resolution  mass 
measurements,  seem  to  be  logical  and  agree  with  similar  results.  ' 

The  fragmentation  and  rearrangement  of  the  M  ions  of 
roridins  follow  a  common  pathway  as  well.  Both  the  molecular  ions 
cleave  at  the  C5’-0,  C6 ’ -0 ,  and  Cll'-O  as  shown  (a)  in  Scheme  2. 

The  resulting  fragment  (m/z  109)  could  have  a  linear  or  cyclic 
structure  as  indicated  in  the  scheme.  Similarly,  the  other  common 
daughter  ion  (m/z  153)  is  formed  by  the  bond  cleavage  (b)  at  C5'-0 
and  Cll'-O  carbons  and  the  rearrangement  of  the  lower  mass  fragment. 
The  proposed  pathways  leading  to  the  formation  of  the  more  abundant 
CAD  ions  characteristic  of  Roridin  A  (m/z  135  and  m/z  401)  and 
Roridin  H  (m/z  125  and  m/z  403)  are  also  shown  in  Scheme  2. 

The  daughter  ions  of  satratoxins  were  probably  formed  in  a 
manner  similar  to  that  of  the  bond  cleavages^  Both  molecular  ions 
dissociate  at  C14'  and  C13',  yielding  { M— 15)  and  (M-45)  ions, 
respectively;  daughter  ions  m/z  181,  m/z  157,  m/z  137,  and  m/z  113 
are  common  to  both  molecular  ions.  The  proposed  structures,  as 
shown  in  Scheme  3,  indicate  that  these  ions  are  formed  by  the  bond 
cleavage  and/or  rearrangement  at  C15-0,  C6',  and  C7'.  Even  though 
the  structures  assigned  to  these  ions  are  logical,  the  exact  forma¬ 
tion  pathway  is  unknown  at  this  point.  There  are  three  other 
daughter  ions  characteristic  of  Satratoxin  H  with  m/z  161,  m/z  191, 
and  m/z  209.  The  former  ions  were  formed  by  the  cleavage  at  C5'-0, 
CIO',  and  Cll',  followed  by  a  rearrangement  of  CIO'  to  C6',  and  the 
latter  two  ions  were  formed  by  the  cleavage  of  C15-0,  CIO',  and 
Cll'  ions . 
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SCHEME  1 


m/z  226 


SCHEME  3 


SATRATOXIN  H 


SATRATOXIN  G 


Thus,  the  M  ions  of  these  diesters  and  triesters  seem  to 
follow  a  common  mode  of  f ragmenta t i on  close  to  the  ester  qroups. 
These  observations  clearly  show  that  the  macrocyclic  tr ichothecenes 
may  be  detected  with  excellent  specificity  and  analyzed  by  the 
direct  NICI-CAD  technique.  Analysis  of  NI-CAD  spectra  of  these 
molecules  resulted  in  the  choice  of  ions  for  detecting  these 
molecules  by  obtaining  their  parent  spectra  and  observing  neutral 
loss  transformations  (Table  3).  This  observation  should  lead  to  an 
additional  means  of  identifying  these  complex  molecules. 

Table  3.  Characteristic  Ions  (m/z)  for  Screening  the 
Macrocyclic  Tr i chothecenes 


Tr i chothecene 


Daughter 


Parent 


Neutra 1 
Loss 


Roridin  A 

1  35 

,153, 109 

;  53 

131 

Roridin  H 

125 

,153,109 

153 

109 

Satra toxin  G 

1  1  3 

,157,181 

1  3  7 

,18  1 

45,114 

Sat  ra  tox i n  H 

1  37 

,151,191 

i  3 7 

,19  1 

45,74 

Vo r ruca r i n  A 

9", 

14  1  ,24^ 

R7  , 

14  1  ,  1  47 

125 

9 ,  10-Fooxyverrucari n 

A 

^7, 

141,226 

9  7  , 

14  1,14  7 

1  25 

1  6-Hydroxyver  r uca r  i  n 

A 

9'7, 

141,393 

9  n  i 

141 ,147 

125 

8-Ketoverrucarin  A 

97, 

141  , 2  7 1 

9  , 

!  4  1  ,  1  47 

125 

Verrucarin  I 

9  7  , 

1  4  1  ,  3  5  R 

O'7  , 

1  4  1 

1  25 

Preliminary  experiments  indicate  that-  *>•«<••  toxin  sub¬ 
stances  could  also  he  analyzed  quant i t  at i ve] v  by  this  method.  Two 

1  6 

synthetically  mod  it  led  molecules,  R  -  he  t  ov  r  r,e  •  a  r  '  n  A  •  KVA  1  ‘  and 

1  7 

1  6-Hyd  roxy  ve  r  ruca  r  i  n  A,  were  i  nvest  i  gated  ,  .an  :  S' ’A  was  *  ound 
suitable  for  use  as  an  internal  standard  f  >r  ju  ar.t  i  *  v  i  ng  the  mole¬ 
cules.  Low  quantities  (5-10  nq)  of  Pa  t  r  a  t  ox  i  n  M  w-  •  r  o  sub  iected  to 
CAD  experiments,  and  the  CAD  ions  produced  var  »<•  i  1  inearl  v  with  the 
amount  of  the  analyte.  Then,  mixtures  cont  a  i  n  :  nq  v  a  r  i  e  1  amounts 
(1-5  nq  )  of  Roridin  H,  Satrat  ox  i  n  G,  Sat  r  i*  •  -  x  :  r.  :l,  v;  •  v\'\  (  :>n  ng  ) 
were  analyzed  by  sequentially  observinq  one  r AD  :  > ;a  ‘  -  r  each  mole¬ 
cule.  The  relative  responses  of  these  CAP  ions  "  i r  i  •  •  ■  i  linearly 
with  their  relative  amounts.  The  preliminary  *•  x  n<  •  t  i  me  ri  t  s  indicate 
that  this  technique  may  prove  useful  for  quant  i  t  at  >.  v  anal  vz  i  nq 
macrocyclic  t r i chothecenes . 

When  a  crude  fermentation  broth  <  blank'  was  sp  i  ke  1  wit!' 

50  nq  of  satratoxins  and  analyzed  us  i  nq  methane  t  r  t  reaqent 

qas,  qood  sensitivity  was  initially  observed  .  How<-- ,  the  ion 
intensity  was  quenched  suddenly  and  totally.  This  t  a  '?  is  probably 
due  to  electron  capturing  impurities  in  the  s  v-’nl  e  and  the  ci 


source  needing  to  be  baked  for  further  experiments.  However,  when 
a  mixture  of  CH2CI2/CH4  was  used  for  the  ionization,  the  sensitiv¬ 
ity  was  improved  and  remained  constant  for  a  prolonged  period. 
These  data  suggest  that  chloride  ions  play  an  important  role  in 
ionizing  macrocyclic  tr ichothecenes  present  in  complex  mixtures 
obtained  from  samples  (e.g.,  fermentation  broths,  plant  extracts, 
etc.).  Further  work  is  underway  to  assess  the  efficiency  of  this 
reagent  gas  in  analyzing  such  complex  mixtures. 


4.  CONCLUSIONS 


The  evaluation  of  these  spectra  indicates  that  the 
fragmentation  under  CAD  conditions  occurs  at  the  ester  bridges  and 
that  structurally  similar  molecules  form  at  least  one  or  two  common 
daughter  ions.  Some  common  neutral  losses  are  also  observed.  The 
results  of  this  investigation  indicate  that  these  polar  tricho- 
thecenes  can  be  analyzed  by  the  direct  NICI-MS/MS  technigue  by 
obtaining  the  daughter,  parent,  and  neutral  loss  spectra.  Using 
this  procedure,  low  guantities  (1-5  ng )  were  detected  even  under 
nonoptimum  conditions.  A  semisynthetic  macrocylic  trichothecene , 
KVA,  was  found  to  be  adeguate  for  use  as  an  internal  standard  for 
detecting  and  guantifying  these  molecules.  The  results  from  pre¬ 
liminary  investigations  for  guantifying  satratoxins  and  roridins 
are  promising.  Further  investigations  for  optimizing  the  experi¬ 
mental  conditions  and  applying  the  developed  procedure  for  real- 
life  samples  are  underway. 
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